Following the recent observation of a large second-harmonic intensity difference from a monolayer of chiral molecules with left and right circularly polarized light, the scattering theory is generalized and extended to predict linear and circular intensity differences for the more versatile sum-frequency spectroscopy. Estimates indicate that intensity differences should be detectable for a typical experimental arrangement. The secondorder nonlinear surface susceptibility tensor is given for different surface point groups in the electric dipole approximation; it is shown that nonlinear optical activity phenomena unambiguously probe molecular chirality only for molecular monolayers that are symmetric about the normal. Other surface symmetries can give rise to intensity differences from monolayers composed of achiral molecules. A water surface is predicted to show linear and nonlinear optical activity in the presence of an electric field parallel to the surface.
INTRODUCTION
Optical second-harmonic generation (SHG) and sumfrequency generation (SFG) are surface probes and have been extensively used to study a variety of surfaces and interfaces. 1 Both are forbidden in centrosymmetric media under the electric dipole approximation but are allowed at an interface where inversion symmetry is broken. 2 Two novel optical activity 3 phenomena from coherent second-harmonic generation have recently been reported. [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] Hicks et al. observed second-harmonic intensity differences from chiral molecules upon reversing the sense of rotation of the incident circularly polarized fundamental, and optical rotation of the second harmonic reflected from a chiral monolayer in linearly polarized light. [4] [5] [6] [7] [8] 13 The large SHG circular intensity differences (CID's) were explained in terms of pure electric dipole allowed second-order nonlinear surface susceptibilities (2) . 6, 7 The theory has been extended 14 to include magnetic dipole contributions, [10] [11] [12] which exist even in isotropic chiral systems. Hecht and Barron 15 discussed optical activity phenomena in linear Rayleigh and Raman scattering from chiral surfaces and alluded that nonlinear analogs of these effects will exist in hyper-Rayleigh, hyper-Raman, SHG, and SFG light scattering. They calculated the Stokes parameters of the surface secondharmonic radiation for arbitrary polarizations for a surface that is symmetric about the normal. 15 The intensity differences in the SHG experiments for chiral molecules are much larger than commonly observed in typical circular-dichroism experiments of linear optics. For example, a monolayer of the R enantiomer of 2,2Ј-dihydroxy-1,1Ј-binaphthyl (BN) gave a CID of order unity, 6 while in circular-dichroism experiments the difference between left and right circularly polarized absorptivity divided by their sum is typically ϳ10
Ϫ3 . 16 The nonlinear optical activity phenomena, described by (2) , are larger in magnitude as the relevant tensor elements of the nonlinear surface susceptibility are dominated by electric dipole transitions, in contrast to the linear spectroscopies where the rotation and circular dichroism are determined by the rotational strength R, which is the imaginary part of the scalar product of the electric and magnetic transition dipole moments; R is nonzero in isotropic chiral media. Barron and Hecht 15 suggest that, since the mechanisms of nonlinear optical activity are distinct from optical activity in linear optics, which are essentially birefringence phenomena, the terms circular dichroism and optical rotatory dispersion should not be used when describing these nonlinear effects. Further, to avoid confusion, we recommend that isotropy should only be applied in three dimensions, and the description 'symmetric about the normal' is appropriate for surfaces or interfaces that are rotationally invariant with respect to the surface normal.
Recently Verbiest et al. reported optical activity in SHG experiments from Langmuir-Blodgett films of achiral molecules. [17] [18] [19] The nonlinear optical activity experiments using SHG and SFG are probes of molecular chirality only for specific surface symmetries. Surfaces composed of achiral molecules can give rise to nonlinear optical activity phenomena when the experimental arrangement is chiral. 19 We examine here under what conditions different surface symmetries are optically active, and show that nonlinear optical activity phenomena can be observed for all of these surface symmetries using SFG (and most using SHG) even when formed with achiral molecules.
The form of the nonlinearity leading to nonlinear optical activity effects from a surface is reviewed in Section 2. In Section 3 we consider the form of (2) for different surface symmetries and briefly review the basis for the nonlinear optical activity phenomena. In Section 4 we extend the theory to predict similar effects for vibrational SFG and estimate their magnitude. This leads us to predict an experimental arrangement in which water is optically active (Section 5). The conclusions are in Section 6.
FORM OF THE SECOND-ORDER NONLINEARITY
The generation of second-harmonic and sum-frequency light at the interface between two centrosymmetric media is described in terms of the induced effective second-order polarization P eff ␣ (2) (⍀);
where P ␣ (2) , Q ␤␣ (2) , and M ␥ (2) denote the electric dipole density, the electric quadrupole density, and the magnetization, respectively, at the angular frequency ⍀.
In this paper we neglect the higher-order contributions in the multipolar expansion of the effective nonlinear polarization and restrict our analysis to the electric dipole contribution that arises from the interfacial layer. The contribution to the signal from the electric quadrupole and magnetic dipole terms in the bulk can be significant, 21, 22 but the dipole part often dominates when the interfacial molecules are ordered 23 and is the only contribution we consider.
The nonlinear optical response from an interface is usually formulated in terms of a surface polarization P S ␣ (2) . 24, 25 The dipolar contribution to P S ␣ (2) , for monochromatic fields of the form
is given by 26, 27 
where
for second-harmonic generation, where 1 ϭ 2 1 for sum-frequency generation
. (4) ␣␤␥ (2) is the nonlinear surface susceptibility tensor, and ⑀ 0 is the permittivity of free space. The two incident fields have frequencies 1 and 2 , and ⍀ is the sum frequency 1 ϩ 2 . For a monolayer the nonlinear surface susceptibility ␣␤␥ (2) can be related to the molecular hyperpolarizability tensor ␤ ijk (2) (Note 28) through a coordinate transformation from molecule-fixed axes to the frame of the incident radiation ␣, ␤, ␥ averaged over the molecular orientational distribution, denoted below by the angular brackets,
where summation over i, j, k is implied and N is the number of molecules per unit area. A relation for the intensity I (⍀) of the sum-frequency radiation at ⍀ in medium , originating from an interfacial layer bounded by two bulk isotropic media, ϭ 1 or 2, can be obtained 24, 29 :
where e ␣ (⍀), e ␤ ( 1 ), and e ␥ ( 2 ) are the Fresnelcorrected polarization vector components for the nonlinear radiation at frequency ⍀ and for the two incident beams respectively:
with ê ␤ (⍀), denoting the unit polarization vector of the field at frequency ⍀ in medium and L ␣␤ , the corresponding Fresnel factor, describing the propagation from the bulk into the interfacial layer. I ( 1 )I ( 2 ) are the intensities of the pump beams at frequencies 1 and 2 incident from medium . 
SURFACE SYMMETRIES
In the electric dipole approximation the second-order nonlinear susceptibility is a polar tensor of rank three. Neumann's principle 30 states that any type of symmetry exhibited by a particular point group is possessed by every physical property of that system. It follows that a property tensor must transform as the totally symmetric irreducible representation of the system's symmetry group. Birss's tables 31 of the independent nonvanishing tensor elements can be adapted to show the nonzero tensor components of the second-order nonlinear SFG susceptibility with application to relevant surface symmetries, 24 and have since appeared in many different forms, mainly with application to SHG. We distinguish between chiral and achiral susceptibility tensor elements (see Table 1 ). For SHG the nonlinear susceptibility is symmetric in its last two indices, which reduces the number of independent tensor components further. Should the experimental geometry be rotated with respect to the symmetry axes defined in Table 1 , then the components of (2) can be expressed in the rotated frame by invoking a rotation matrix.
We use the convention that the polarization vector for circularly polarized (c.p.) light can be written as ê ␣ Ϯ ϭ (1 /ͱ2)(ŝ ␣ ϯ ip ␣ ), where the upper sign corresponds to right circular polarization, which is a clockwise rotation of the electric vector when the source is viewed. The electric-field component orthogonal to the plane of incidence lies along the direction of the unit vector ŝ, and the parallel-field component lies along the unit vector p ; the light is propagating in the direction ŝ ϫ p (see Fig. 1 ). In a reflection geometry one would commonly find the polarization vectors of an incident beam
where is the angle of incidence (the angle the incident beam makes with the surface normal along ẑ is Ϫ ) and ẑ ϭ x ϫ ŷ . The plane of incidence contains the vectors ŷ and ẑ for I(yz) ê Ϯ and x and ẑ for I(xz) ê Ϯ ; the incident beam makes an angle of /2 Ϫ with the y axis or the x axis.
Correspondingly the reflected beam can be described by the polarization vectors
where Ј is the angle of reflectance (the reflected beam makes an angle of Ј with the surface normal along ẑ and an angle of /2 Ϫ Ј with the y axis or the x axis). A linearly polarized input beam with polarization vector l ␣ has its electricfield vector oscillating along either ŝ or p or a combination of the two. To obtain linear intensity differences (LID's) it is possible to replace right and left circular polarization by linear polarization states at Ϯ45°with respect to the plane of incidence,
yielding polarization vectors for an incident beam
Circular and linear intensity differences in SHG arise owing to interferences in the expression for the intensity [see Eq. (6)] between two different nonlinear susceptibility tensor elements. For CID's to be measured, there has to be more than one susceptibility tensor element in Eq. (6) , and at least one has to be complex, 6, 15 i.e., at least one of the frequencies 1 , 2 , or ⍀ is near resonance. For example, if the input beam is circularly polarized and a linearly polarized SH signal is detected, then the SHG intensity is given by
The following contributions to I change sign with circularity:
where subscripts have been contracted, i.e., l ␣ ␣␤␥ s ␤ p ␥ ϭ lsp . CID's are given by
where I ϩ and I Ϫ are the total intensities for right and left circularly polarized light, respectively, and where Re denotes the real and Im the imaginary part. These and subsequent expressions for CID's and LID's are completely general and can be applied to different surface symmetries and beam polarizations. For example, the CID's first observed by Hicks and coworkers 6, 13 for a C ϱ surface in a SHG experiment in reflection geometry follow with reference to Table 1 :
where d is a positive constant, the plane of incidence is the yz plane, and the s-polarized second harmonic is observed. LID's can be observed even if two or more susceptibility tensors are real 15 ; for example, if the input beam's linear polarization is at Ϯ45°to the plane of incidence, and a SH signal is detected at fixed linear polarization. The SHG intensity
includes terms that depend on the sign of the input beam's linear polarization:
The following LID's can be observed:
Intensity-difference expressions for SFG (SHG) are examined more systematically in Section 4. Often one assumes that the surface is symmetric about its normal, giving the C ϱ point group for chiral molecules and C ϱv for achiral molecules. The sample is then characterized by one axis around which it is rotationally invariant, and that lies in the direction of the mean dipole moment. 32 Such situations are frequently encountered in adsorbate systems on noncrystalline substrates, 33, 34 and it is generally believed that molecules in floating monolayers are distributed symmetrically about the normal. 18 Indeed most of the reported SH optical activity phenomena were analyzed on the basis of this model. [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] Hecht and Barron 15 have formulated secondharmonic CID's for incident and scattered circular polarization in terms of the appropriate Stokes parameters for surfaces with C ϱ symmetry; they also considered LID's.
SUM-FREQUENCY GENERATION AND OPTICAL ACTIVITY
In sum-frequency vibrational spectroscopy, one frequency is usually chosen to lie in the visible, while the other incident frequency may be in the infrared (IR). 35 By scanning the infrared frequency, keeping the other frequency fixed, one obtains a vibrational spectrum of the molecules at the interface. 24 The technique has been described elsewhere in detail. 23, [35] [36] [37] The SFG intensity is proportional to the magnitude of the effective surface nonlinear susceptibility, S (2) (⍀ ϭ vis ϩ IR ). It is customary to decompose S (2) by writing
where R (2) is the resonant contribution from the surface molecules and NR (2) is the nonresonant part, which also includes any contributions from the bulk. We restrict our analysis to electric dipole contributions.
A quantum-mechanical expression for the nonlinear susceptibility can be found by use of second-order timedependent perturbation theory. It is sufficient to retain only two terms when one frequency, usually the infrared IR , is near resonance. In that case
where ͉0͘ is the ground state, ͉v͘ is the excited vibrational level of the ground electronic state, and ͉m͘ is an excited electronic state whose excitation energy from the ground state is ប m . We have used complex transition frequencies between the molecular ground state and the excited states m and v, defined by
where the real transition frequency is given by v 0 and ⌫ v is the full width at half the maximum height of the i ← 0 absorption line; the theory thus embraces damping and is therefore appropriate to near-resonance frequencies. If the sum frequency and the visible beam are far from resonance, it is permissible to use real transition frequencies for ⍀ and vis , and the following complex symmetry relation then approximately holds:
where the last relation is accurate if IR is far from resonance too. The term in brackets in Eq. (19) is the Raman-transition polarizability A 0v , and ͗v͉ ␥ ͉0͘ is the IR transition dipole moment. The mode therefore has to be both IR and Raman active to be observable in resonant sum-frequency spectroscopy. 35 Subsequent CID and LID expressions containing antisymmetric Raman-transition polarizability tensor components are likely to be observed only under resonant or preresonant consitions. 38 The intensity differences in SFG take a form similar to those in SHG, although now both input beams and the sum-frequency beam could in principle be polarized either linearly, circularly, linearly at Ϯ45°, or any combination thereof. More susceptibility tensor components can be probed in SFG compared with SHG spectroscopy. If one beam, e.g., the visible, is circularly polarized, then the intensity depending on the sign of the c.p. beam is given by
If instead either the infrared or the scattered beam is circularly polarized, then similar expressions for the c.p.-sensitive intensity can be found by permuting the order of the beams and their corresponding subscript. For two circularly polarized beams, e.g., both input beams, one finds
In contrast to SHG [single incident beam; see Eq. (10)], Eq. (23) shows that a CID could be detected even if two or more susceptibility tensors are real, and even from achiral molecules symmetric about the surface normal. The other beam combinations for two c.p. fields can again be found by permutation. The c.p.-sensitive intensity expressions can readily be extended to include three c.p. beams, where one finds 28 c.p.-sensitive terms. The LID's of one beam at Ϯ45°, e.g., the visible, arise from
and similarly, for two beams linearly polarized at Ϯ45°, e.g., the input beams, are due to
The relation between the macroscopic susceptibility, accessible through experiments, and the appropriate microscopic polarizability [see Eq. (5)] needs to be known to infer anything about molecular properties, such as chirality, from experiment. For C ϱ surface symmetries this relation takes a simple form, such that only achiral hyperpolarizability tensor elements arise in the expressions for the achiral susceptibility tensors, and correspondingly only the chiral elements mix. 32 It follows that an observed intensity difference in the C ϱ symmetry group involving a chiral susceptibility tensor can probe molecular chirality for certain polarization combinations. This is, however, no longer true for other surface symmetries, where the relation between the susceptibility tensor and the molecular hyperpolarizability takes a more complicated form. A CID or a LID is then no longer a unique probe of molecular chirality. One can show from Table 1 that achiral molecules in any of the other point groups can give rise to intensity differences. The reported optical activity in SHG experiments from Langmuir-Blodgett films (C s symmetry) of achiral molecules is such a case. [17] [18] [19] Verbiest et al. 19 have analyzed the CID's and LID's that can occur in SHG for the symmetries listed in Table 1 .
To estimate the magnitude of vibrational SFG intensity differentials, ⌬I, defined by
using surface vibrational infrared-visible SFG, we consider the degenerate terminal CH 3 vibration of long-chain molecules forming a hypothetical monolayer with C s surface symmetry.
Hirose et al. have simulated CH stretching bands of the methyl group assuming local C s symmetry for the methyl group. 39 The molecular axis system (abc) is defined as shown in Fig. 2 . Relations among the vibrationally resonant hyperpolarizability tensor components, ␤ ␣␤␥ R , can be estimated with a simple mechanical model 39, 40 :
Further, we assume that the molecular c axis makes an angle with the surface normal Z and that the a axis of the molecular frame is parallel to the laboratory X axis.
The plane of incidence is chosen to be the yz plane, the infrared beam is s polarized, the visible beam's polarization is at Ϯ45°to the plane of incidence, and s-polarized SF is detected; then the signal is given by
where we ignore Fresnel coefficients. With the relation given in Eq. (27) , the intensity differential is given by
which yields ⌬I Ӎ 0.77 for a visible beam incident at 60°a nd a molecular tilt angle of 40°(corresponds to ϭ 140°; i.e., the methyl group points away from the surface).
OPTICALLY ACTIVE WATER
The structure of water at the liquid-vapor interface can be investigated by x-ray reflection, which can measure the surface roughness and density profiles, 41, 42 whereas SHG on water can in principle measure the distribution of water dipole orientations relative to the surface plane. 43, 44 The interpretation of the SHG experiments is, however, not straightforward, 44 making infrared-visible sumfrequency generation the preferred technique. Shen and coworkers determined the orientation of water molecules at the water-vapor and quartz-vapor interfaces. 36, [45] [46] [47] Their analysis of the infrared-visible SFG vibrational spectra concluded that у20% of the water molecules at the water-vapor interface have one free OH bond projecting into the vapor and the other hydrogen bonded OH bond pointing into the liquid. 45 If the molecule possesses a permanent electric dipole moment 0 , then the presence of a static electric field E 0 will exert a torque, 0 ϫ E 0 , on the molecules. The potential energy will vary with the tilt angle that the molecules make with the surface normal, the azimuthal angle , and the electric-field vector:
where ␣ ␣␤ 0 is the static polarizability. The average orientation of a molecule in the presence of a field can be found 
The susceptibility tensor is related to the molecular hyperpolarizabilities according to Eq. (5), where the orientational average is now Boltzmann weighted. For weak fields the exponential can be expanded to give exp͓ϪV͑, , E 0 ͒/kT͔ Ӎ exp͓ϪV͑ ͒/kT͔ͩ 1 ϩ ␣ 0 E 0 a kT ϩ ... ͪ. (32) An electric field applied parallel to the surface plane would orient the permanent dipole moments of the water molecules such that the surface would then adopt a C s symmetry configuration, which can give rise to nonlinear optical activity phenomena such as CID's and LID's.
CONCLUSIONS
In this paper we have extended the theory of secondharmonic optical activity and have described related experimental options for SFG spectroscopy. We have developed a general formalism of surface nonlinear optical activity in the electric dipole approximation, applicable to various surface symmetries. Depending on the beam polarizations, CID's and LID's could be observable in SFG spectroscopy for all of the surface symmetries listed in Table 1 . An intensity-difference signal is only a probe of molecular chirality for surface symmetries where the molecular distribution function is known to be symmetrical about the normal (C ϱ symmetry) and again only for certain polarization combinations. For the general case this is no longer true, and CID's and LID's can be observed for achiral molecules in various conformations. Intensity differences in resonant SFG spectroscopy should be detectable in a standard experimental arrangement with a typical surface coverage N. The results of this paper should be useful in applications of SHG and especially SFG to the study of interfaces with different symmetries. It puts the potential of the second-order techniques as a probe of molecular chirality into perspective. A topical application of SFG optical activity is in the study of water at the liquid/vapor interface. We have proposed an optically active conformation for water in a static electric field parallel to the surface.
